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CARBON DOPING SEMICONDUCTOR
DEVICES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Appli-
cation No. 61/791,395, filed on Mar. 15, 2013. The disclosure
of the prior application is considered part of and is incorpo-
rated by reference in the disclosure of this application.

TECHNICAL FIELD

This disclosure relates generally to fabricating semicon-
ductor devices, and in particular to carbon doping semicon-
ductor devices.

BACKGROUND

Many transistors used in power electronic applications
have been fabricated with silicon (Si) semiconductor materi-
als. Common transistor devices for power applications
include Si CoolMOS, Si Power MOSFETs, and Si Insulated
Gate Bipolar Transistors (IGBTs). While Si power devices
are inexpensive, they suffer from a number of disadvantages,
including relatively low switching speeds and high levels of
electrical noise. More recently, silicon carbide (SiC) power
devices have been considered due to their superior properties.
III-Nitride or III-N semiconductor devices, such as gallium
nitride (GaN) based devices, are now emerging as attractive
candidates to carry large currents, support high voltages, and
to provide very low on-resistance and fast switching times.

SUMMARY

In one aspect, a method of fabricating a semiconductor
device can include forming a III-N material structure in a
reactor and, while forming the III-N semiconductor layer,
injecting a hydrocarbon precursor into the reactor, thereby
carbon doping the I1I-N semiconductor layer and causing the
III-N semiconductor layer to be insulating or semi-insulating.

In a second aspect, a semiconductor device can include a
substrate and a carbon doped insulating or semi-insulating
III-N semiconductor layer on the substrate. The carbon dop-
ing density in the III-N semiconductor layer is greater than
1x10*®, 5x10'®, or 1x10*° ¢cm™, and a dislocation density in
the IT1I-N semiconductor layer is less than 2x10° cm™2.

In a third aspect, a method of forming a semiconductor
material structure can include forming a first [1I-N semicon-
ductor layer on a substrate in a reactor, and while forming the
first I1I-N semiconductor layer, injecting a hydrocarbon pre-
cursor into the reactor, thereby carbon doping the first I1I-N
semiconductor layer and causing the first III-N semiconduc-
tor layer to be insulating or semi-insulating. The method can
further include forming a second I1I-N material layer on the
first III-N semiconductor layer, wherein the second III-N
material layer has a substantially lower carbon concentration
than the first I1I-N material layer.

In a fourth aspect, a material structure can include a first
III-N semiconductor layer on a foreign substrate, and a sec-
ond III-N semiconductor layer on a side of the first I1I-N
material structure opposite the foreign substrate, the second
III-N semiconductor layer being thinner than the first I1II-N
semiconductor layer. The first III-N semiconductor layer can
have a carbon concentration greater than 1x10'® cm™
throughout the layer, and a carbon concentration throughout
the second III-N semiconductor layer can be less than the
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carbon concentration throughout the first III-N semiconduc-
tor layer. Furthermore, a surface of the second III-N material
layer that is opposite the substrate can have a density of
macroscopic features which is less than 5 features/cm?,
wherein each of the macroscopic features has an average
height of greater than 100 nanometers.

Ina fifth aspect, a material structure can include a first III-N
semiconductor layer on a foreign substrate, and a second
IT1-N semiconductor layer on a side of the first III-N material
structure opposite the foreign substrate, the second III-N
semiconductor layer being thinner than the first III-N semi-
conductor layer. The first ITI-N semiconductor layer can be an
insulating or semi-insulating layer having a carbon concen-
tration greater than 1x10'® cm™. A carbon concentration of
the second III-N semiconductor layer can be less than the
carbon concentration of the first III-N semiconductor layer,
and a dislocation density at a surface of the second III-N
semiconductor layer opposite the foreign substrate can be less
than 2x10° cm™2.

Methods and devices described herein can each include
one or more of the following features. Injecting the hydrocar-
bon precursor can comprise injecting a hydrocarbon precur-
sor having a chemical formula (C H,), where x and y are
integers greater than or equal to 1. Forming the IT1I-N semi-
conductor layer on the substrate can comprise forming the
IT1-N semiconductor layer as a III-N buffer layer over a I1I-N
nucleation layer over a silicon substrate. Methods can com-
prise forming a I1I-N channel layer over the I1I-N buffer layer
and forming a ITI-N barrier layer over the I1I-N channel layer,
thereby forming a two-dimensional electron gas (2DEG)
active channel adjacent to an interface between the channel
layer and the barrier layer. Forming the I1I-N semiconductor
layer as a III-N buffer layer can comprise forming the IT1I-N
buffer layer under a plurality of growth conditions, and form-
ing the III-N channel layer can comprise forming the I1I-N
channel layer under the same or substantially the same growth
conditions. The plurality of growth conditions can comprise a
surface temperature and a reactor pressure. The plurality of
growth conditions can further comprise a ratio of group-III
precursor flow rate to group-V precursor flow rate. Forming
the III-N semiconductor layer on the substrate can comprise
forming the III-N semiconductor layer by metal organic
chemical vapor deposition (MOCVD). The barrier layer can
comprise AlGaN, the channel layer can comprise undoped or
unintentionally doped (UID) GaN, and the buffer layer can
comprise AlGaN or GaN or both.

Forming the III-N semiconductor layer can comprise
injecting a group-III precursor into the reactor at a group-II1
precursor molar flow rate, and injecting the hydrocarbon pre-
cursor into the reactor can comprise injecting the hydrocar-
bon precursor into the reactor at a hydrocarbon precursor
molar flow rate, wherein the hydrocarbon precursor molar
flow rate is at least 0.02 times the group-III precursor molar
flow rate. Forming the III-N semiconductor layer can com-
prise injecting a group-III precursor into the reactor at a
group-11I precursor molar flow rate, and injecting the hydro-
carbon precursor into the reactor can comprise injecting the
hydrocarbon precursor into the reactor at a hydrocarbon pre-
cursor molar flow rate, wherein the hydrocarbon precursor
molar flow rate is greater than the group-III precursor molar
flow rate. The hydrocarbon precursor can comprise propane
or methane or both. Methods can further comprise adding a
gate terminal, a drain terminal, and a source terminal to the
semiconductor device, thereby forming a III-N high electron
mobility transistor (HEMT). Methods can further comprise
adding an anode terminal and a cathode terminal to the semi-
conductor device, thereby forming a III-N diode. Causing the



US 9,245,993 B2

3

III-N semiconductor layer to be insulating or semi-insulating
can comprise causing the III-N semiconductor layer to have a
resistivity of at least 1x10° or 1x107 chm-cm. Carbon doping
the III-N semiconductor layer can result in the III-N semi-
conductor layer having a carbon concentration greater than
1x10*® cm™>. The hydrocarbon precursor can be injected into
the reactor while forming the first [TI-N material layer but not
while forming the second III-N material layer.

The III-N semiconductor layer can have a first side distal
from the substrate and a second side between the first side and
the substrate, wherein the dislocation density in the III-N
semiconductor layer is a dislocation density adjacent to the
first side of the III-N semiconductor layer. The III-N semi-
conductor layer can comprise a I1I-N buffer layer over a I1I-N
nucleation layer, wherein the substrate is a silicon substrate.
Devices can further comprise a III-N channel layer over the
III-N buffer layer and a III-N barrier layer over the III-N
channel layer, thereby forming a two-dimensional electron
gas (2DEG) active channel adjacent to an interface between
the channel layer and the barrier layer. The barrier layer can
comprise AlGaN, the channel layer can comprise undoped or
unintentionally doped (UID) GaN, and the buffer layer can
comprise AlGaN or GaN or both. The substrate can be a
foreign substrate. Devices can further comprise a gate termi-
nal, a drain terminal, and a source terminal, wherein the
semiconductor device is a III-N high electron mobility tran-
sistor (HEMT). Devices can further comprise an anode ter-
minal and a cathode terminal, wherein the semiconductor
device is a III-N diode. The carbon doping density in the III-N
semiconductor layer can be less than 5x10%! cm™.

A surface of the second I1I-N material layer that is opposite
the substrate can have a density of macroscopic features
which is less than 5 features/cm?, wherein each of the mac-
roscopic features has an average height of greater than 100
nanometers. A combined thickness of the first III-N semicon-
ductor layer and the second I1I-N semiconductor layer can be
less than 6 microns, for example less than 5 microns, less than
4 microns, or less than 3 microns. The second III-N material
layer can be thinner than the first IT1I-N material layer.

Particular embodiments of the subject matter described in
this specification can be implemented so as to realize one or
more of the following advantages. An insulating or semi-
insulating carbon doped III-N layer can be formed with a
level of carbon doping from a wide range of concentrations
(lel16-1e22 cm™) with fewer restrictions on one or more
growth parameters of the layer compared to conventional
technology. Insulating or semi-insulating layers can be
formed with low dislocation densities and smooth surfaces
grown on foreign substrates, e.g., Si or SiC substrates. Inject-
ing a halogen free precursor (e.g., a hydrocarbon precursor)
during metalorganic chemical vapor deposition (MOCVD)
can reduce or eliminate interactions of halogen containing
molecules with the metalorganic precursors, thereby avoid-
ing the influence of CX, (X=halogen) precursors on an alloy
composition (i.e., the ratio of Al to Ga in AlGaN) during
MOCVD growth of carbon doped AlGaN.

DESCRIPTION OF DRAWINGS

FIGS. 1A and 1B are cross-sectional views of an example
III-N semiconductor device.

FIG. 2 is a flow diagram of an example method for fabri-
cating a III-N semiconductor device including a carbon doped
layer.

FIG. 3 isablock diagram of a system for fabricating a I1I-N
semiconductor device with at least one layer that is carbon
doped.
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FIG. 4 is a cross-sectional view of an example II1I-N semi-
conductor material structure.

FIGS. 5A and 5B are cross-sectional and plan view sche-
matic diagrams, respectively, of a macroscopic feature
formed on the surface of a III-N material structure.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

FIG. 1A is a cross-sectional view of an example I1I-Nitride
(i.e., III-N) semiconductor device 100. For example, the
device can be a transistor, e.g., a [II-N high electron mobility
transistor (HEMT), by adding source 114, drain 116, and gate
118 terminals to the device, as illustrated in FIG. 1B. In
another example, the device can be a diode by adding anode
and cathode terminals to the device (not shown).

The device includes a substrate 102. The substrate can be,
e.g., silicon, SiC, aluminum nitride (AIN), GaN, sapphire
(Al,0;), or any other suitable growth substrate for the growth
of III-N materials. Because large native substrates (i.e., sub-
strates formed of III-N materials) are currently unavailable
and tend to be very expensive, the device is typically formed
on a foreign substrate (i.e., a substrate formed of a material
that is not a ITI-N material), such as silicon, silicon carbide, or
sapphire. The device includes a nucleation layer 104 on the
substrate. The nucleation layer can be a III-N nucleation layer
and can include, e.g., AIN.

The device includes a buffer layer 106. The buffer layer can
be a I1I-N buffer layer and can include, e.g., C-doped AlGaN
or GaN or both. The buffer layer can include several different
layers, e.g., with some layers closer to the substrate having a
higher concentration of Al and some layers further from the
substrate having a lower concentration of Al. The buffer layer
can be made insulating or semi-insulating by carbon doping
the buffer layer. This can be useful, e.g., to prevent subsurface
leakage or premature breakdown.

The device includes a III-N channel layer 108 and a I1I-N
barrier layer 110, where the compositions of the channel layer
and the barrier layer are selected to induce a two-dimensional
electron gas (2DEG) 112 active channel adjacent to an inter-
face between the channel layer and the barrier layer. For
example, the channel layer can include undoped or uninten-
tionally doped (UID) GaN and the barrier layer can include
AlGaN.

The terms I1I-Nitride or III-N materials, layers, devices,
and structures can refer to a material, device, or structure
comprised of a compound semiconductor material according
to the stoichiometric formula B, Al In Ga N, where w+x+
y+zis about 1, and w, X, y, and z are each greater than or equal
to zero and less than or equal to 1. In a III-Nitride or III-N
device, the conductive channel can be partially or entirely
contained within a III-N material layer.

The layers of the device can be formed by molecular beam
epitaxy (MBE) or metalorganic chemical vapor deposition
(MOCVD) in a reactor or other techniques. One way to
achieve carbon doping in a III-N layer formed by MOCVD
with NH; as the nitrogen precursor is to adjust the layer
growth conditions so that carbon from metalorganic precur-
sors (e.g., TMGa or TMALI or both) is incorporated into the
layers. For example, some growth conditions that favor the
incorporation of carbon include: low reactor pressure, low
NH, partial pressure, low deposition temperatures, and high
growth rates.

When these growth conditions are implemented for carbon
doping at levels sufficient to cause a layer to be insulating or
semi-insulating for certain applications, the growth condi-
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tions are limited for calibration with respect to other features
of the layer, e.g., threading dislocation density and surface
roughness of the layer. For example, consider a layer formed
on a foreign (i.e., non-III-N) substrate, e.g., silicon (Si), sili-
con carbide (SiC), or sapphire (Al,O;).

Such a layer can be formed under growth conditions
including one or more of lower reactor pressure, lower NH;
partial pressure, lower deposition temperatures, and higher
growth rates, but these growth conditions can also result in
higher dislocation densities and higher levels of point defects
in the layer. Increasing carbon doping levels to greater than
about 5x10™® cm™ (and in some cases greater than 8x10'7
cm™>) using these methods can additionally result in surface
roughening or poor surface morphology or both.

Another way to achieve carbon doping in a layer is to inject
a hydrocarbon precursor into the reactor during growth of the
layer. Hydrocarbon precursors include molecules of the
chemical composition (C,H,), where x and y are integers
greater than or equal to 1. Examples of hydrocarbons include
propane (C;Hy), methane (CH,), and C,H,.

This way of achieving carbon doping can result in the layer
having carbon doping in excess of 1x10'%, 5x10'8, 1x10'?, or
3x10*® cm™ while simultaneously having a dislocation den-
sity less than 2x10° cm™2, for example about 1x10° cm™ or
less or about 8x10® cm™> or less. The carbon doping density in
the 1II-N semiconductor layer can be between 1x10'° cm™
and 5x10%* cm™3, or between 1x10*® cm™ and 5x10%! cm™.
In some implementations, the nucleation layer is between
20-50 nm thick, the buffer layer is between 1-10 microns
thick (e.g., about 5 microns), the channel layer is about 200-
1000 nm thick (typically about 400 nm), and the barrier layer
is between 10-40 nm thick (e.g., about 25 nm).

FIG. 2 is a flow diagram of an example method 200 for
fabricating a III-N semiconductor device including a carbon
doped layer. For purposes of illustration, the method will be
described with reference to the example device 100 of FIG. 1,
but the method can be used to fabricate other devices and to
carbon dope other types of layers in other devices.

A nucleation layer is formed on a silicon substrate (202).
For example, the silicon substrate can be placed into a reactor
such as an MOCVD reactor, and the nucleation layer can be
deposited, e.g., as a layer of AIN within the reactor.

A buffer layer is formed on the nucleation layer (204). For
example, the buffer layer can be deposited, e.g., as a layer of
AlGaN or GaN or both. In some implementations, the buffer
layer comprises more than one layer. Layers of AlGaN are
deposited, with a decreasing amount of Al in each successive
layer. Eventually, one or more layers of GaN can be depos-
ited.

While the buffer layer is formed, a hydrocarbon precursor
is injected into the reactor (206). For example, the hydrocar-
bon precursor can be injected into the reactor simultaneously
or alternately while injecting group III and/or group V pre-
cursors into the reactor.

A channel layer is formed on the buffer layer (208). For
example, the channel layer can be deposited, e.g., as a layer of
undoped or unintentionally doped (UID) GaN. In some
implementations, the channel layer is formed under the same
or substantially the same growth conditions as the buffer
layer. Where the buffer layer includes a top level layer of
GaN, the channel layer can be deposited by ceasing to inject
the hydrocarbon precursor and continuing to deposit GaN
without altering any other growth conditions in the reactor.
That is, the reactor pressure and/or temperature and/or the
total gas molar flow rate into the reactor and/or the ratio of
group V precursor molar flow rate to group III precursor
molar flow rate can be the same for the channel layer and for
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the portion of the buffer layer that is directly adjacent to the
channel layer, with a hydrocarbon precursor injected into the
reactor during growth of the portion of the buffer layer that is
directly adjacent to the channel layer but not during growth of
the channel layer.

A barrier layer is formed on the channel layer (210). For
example, the barrier layer can be deposited, e.g., as a layer of
AlGaN. A two-dimensional electron gas (2DEG) active chan-
nel is induced adjacent to an interface between the channel
layer and the barrier layer. The barrier layer can have a larger
bandgap than the channel layer, which can in turn at least
partially cause the 2DEG to be induced in the channel layer.
To form a transistor, source, gate, and drain terminals are then
formed on the III-N material layer structure (212). Alterna-
tively, to form a diode, anode and cathode terminals are then
formed on the I1I-N material layer structure (not shown).

FIG. 3 is a block diagram of a system 300 for fabricating a
ITII-N semiconductor device with at least one layer that is
carbon doped. The system can be used, for example, to per-
form the method of FIG. 2 to fabricate the device of FIGS. 1A
and 1B.

The system includes a reactor 302, e.g., an MOCVD reac-
tor. A substrate 304 is placed into the reactor and a I1I-N layer
306 is formed on the substrate. A reactor control system 308
controls the formation of the layer 306 by adjusting one or
more growth conditions. The reactor control system can con-
trol the injection of one or more materials into the reactor,
including carrier gases 316 (e.g., an inert carrier gas such as
H, or N, or both), group-V precursor gases 318 (e.g., NH;),
group-11I precursor gases 320 (e.g., TMGa or TMAl or both),
and hydrocarbon precursor gases 322 (e.g., one or more of
C,Hg, CH,, and C,H,).

The reactor control system can be implemented, e.g., as a
system of one or more computers that receives input from an
operator and provides output control signals, e.g., to the reac-
tor and storage modules for the gases. The reactor control
system can include a pressure control module 310 (e.g., to
control the pressure in the reactor), a deposition temperature
control module 312 (e.g., to control the surface temperature
of'a layer being formed), a growth rate module 314, and other
modules, for example. The growth rate module 314 may
control the growth rate indirectly by controlling variables
which affect the growth rate, such as reactor pressure, surface
temperature, and flow rates of the various precursors and
carrier gases.

In some implementations, the reactor control system is
configured to form the III-N semiconductor layer by injecting
a group-11I precursor into the reactor at a group-I1I precursor
molar flow rate and by injecting the hydrocarbon precursor
into the reactor at a hydrocarbon precursor molar flow rate.
The amount of carbon doping in the layer can be at least
partially controlled by varying the ratio between the hydro-
carbon precursor molar rate and the group-I1I precursor molar
flow rate.

Ithas been found that for some hydrocarbon precursors for
carbon doping of III-N materials during MOCVD growth of
the II1-N materials, in particular propane (C;Hy), the dopant
incorporation efficiency is much lower than the incorporation
efficiency of other dopants typically introduced during
MOCVD growth of III-N materials. For example, for a
dopant such as silicon, where silane or disilane is used as the
silicon precursor, when the ratio of the silicon precursor
molar flow rate to the group-III precursor molar flow rate is
about Yiooo (and in some cases even lower), the silicon doping
level in the ITI-N material is approximately equal to the satu-
ration limit of the dopant in the III-N material, which may be
around 1x10?! cm™. Increasing the silicon precursor molar
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flow rate relative to the group-I1I precursor molar flow rate to
a higher value does not substantially increase the concentra-
tion of electrically active silicon in the layer, and typically
results in a poorer structural quality of the resulting III-N
layer, for example leading to higher dislocation and point
defect densities, as well as poor surface morphology. How-
ever, for carbon doping of III-N materials during MOCVD
growth using propane as the carbon precursor, when the
growth is performed under reactor conditions that correspond
to low carbon doping levels (e.g., less than 1x10*” cm™) in
the absence of the propane precursor, adding propane at a
molar flow rate of about Y100 that of the group-III precursor
molar flow rate does not substantially increase the carbon
doping in the [TI-N material, and typically still yields a carbon
doping level which is less than 1x10"7 cm™.

In some systems, and in particular when propane (C,H,) is
utilized as the hydrocarbon precursor, a hydrocarbon precur-
sor molar flow rate which is about or at least 0.02 times the
group-11I precursor molar flow rate may be needed in order
for the carbon doping level in the layer to be between about
1x10'7 and 1x10* cm™3, orto be in excess of 1x10'7 cm™3.In
some systems, when the hydrocarbon precursor molar flow
rate is about or at least 0.2 times the group-I1I precursor molar
flow rate, the carbon doping level in the layer can be about or
in excess of 1x10™® cm™, or between about 1x10™® and
1x10%° cm™. In some systems, when the hydrocarbon pre-
cursor molar flow rate is substantially greater than the group-
IIT precursor molar flow rate, e.g., 2 times or 20 times or 200
times or 2000 times or 20,000 times the group-III precursor
molar flow rate, the carbon doping level in the layer can be
about or in excess of 1x10'® or 1x10'? or 1x10%° cm™>. The
resistivity of a carbon doped layer formed with propane pre-
cursors can be greater than 1x10° ohm-cm for carbon doping
levels of about 1el8 cm™ or larger, or greater than 1x107
ohm-cm for carbon doping levels of about 1x10'° cm™ or
larger, or greater than 1x10® ohm-cm for carbon doping levels
of about 1x10%° cm™ or larger.

In some implementations, the reactor control system is
configured to form at least one layer (e.g., the UID GaN
channel layer) at a surface temperature of 1077 C. and a
pressure of 200 mBarr. The reactor control system flows the
nitrogen precursor, e.g., ammonia (NH,), into the reactor ata
rate of 0.54 mol/min, flows tri-methyl gallium (TMGa) into
the reactor at a rate of 0.65 milli-mol/min, and controls the
total gas flow into the reactor to at or about 80 liters per
minute. The reactor control system can maintain the total gas
flow at a substantially constant rate by increasing or decreas-
ing the carrier gas flow to compensate for increases or
decreases in other flows. This results in carbon doping of
about 5x10'° cm™ or lower in this layer.

The reactor control system can form the carbon doped
layer under the same or substantially the same growth condi-
tions by flowing the hydrocarbon precursor into the reactor.
For example, for the carbon doped layer, if the surface tem-
perature is maintained at 1077 C., the pressure is maintained
at 200 mBarr, the ammonia flow rate is maintained at 0.54
mol/min, the TMGa flow rate is maintained at 0.65 milli-mol/
min, and the rate of total gas flow into the reactor is main-
tained at about 80 liters per minute, by flowing a hydrocarbon
precursor into the reactor, carbon doping levels of greater
than 1x10'® cm™, greater than 5x10'® cm™, greater than
1x10% ecm™>, or greater than 1x10?° cm ™ can be achieved. At
the same time, if the carbon doped III-N layer is formed on a
foreign substrate such as silicon, the dislocation density of the
upper portion of the carbon doped I1I-N layer (i.e., the portion
adjacent to the surface of the carbon doped I11-N layer which
is furthest from the substrate) can be maintained at a level

10

15

20

25

30

35

40

45

50

55

60

65

8

smaller than 2x10° cm™>, and typically even smaller than
1x10° cm™2, even if the total thickness of the III-N layers in
the structure is less than 6 microns, less than 5 microns, less
than 4 microns, or less than 3 microns.

By way of comparison, if the hydrocarbon precursor is not
flowed into the reactor during growth of the carbon doped
layer, the reactor control system can adjust one or more or all
of the growth parameters to incorporate enough carbon to
cause the carbon doped layer to become insulating to a speci-
fied degree. For example, the reactor control system can
reduce the pressure to 50 mBarr, reduce the temperature to
1020 C., reduce the NH; flow rate to 0.045 mol/min, maintain
the total gas flow at about 80 liters per minute, and maintain
the flow of group-III precursor gases.

These adjustments to the growth conditions can result in
carbon doping of up to about 5x10*® cm~>. The dislocation
density at the upper surface of the layer when the layers are
grown under these conditions can be greater than 2x10° cm ™,
and is typically between 5x10° and 6x10° cm~2. Further
adjusting the reactor conditions to further increase the carbon
concentration in these layers can cause substantial degrada-
tion in the surface morphology of the material structure, and
typically also results in even higher dislocation densities.

Referring now to FIG. 4, in many III-N semiconductor
devices, the active portion of the device is contained within
the layer 418 of the III-N material structure 420 which is
furthest from the substrate 402. For example, referring to the
transistor structure of FIGS. 1A and 1B, the device channel
112 is contained within the channel layer 108 (thus the chan-
nel layer 108 and barrier layer 110 of FIGS. 1A and 1B
correspond to the additional layer 418 of FIG. 4). In such
devices, it is often preferable to electrically isolate the sub-
strate 402 and/or nucleation layer 404 and/or buffer layer 406
from the additional layer 418, while forming the additional
layer 418 under conditions that result in minimal defects
and/or traps in the additional layer 418. As previously
described, this can be achieved by injecting a hydrocarbon
precursor into the reactor during growth of the nucleation
and/or buffer layers 404 and 406, respectively, in order to
dope these layers with carbon and render them insulating or
semi-insulating, while growing some or all of the additional
layer 418 as an undoped (or unintentionally doped) layer,
with substantially lower levels of carbon. In many cases, the
thickness of the buffer layer 406 is greater than that of the
additional layer 418, such that at least half of the thickness of
the III-N material structure has a substantial carbon doping.
Such a structure can result in a reduced dislocation density at
the surface of the additional layer 418, as well as causing the
upper surface of the III-N material structure 420 to be sub-
stantially smoother, as compared to the case where the carbon
doping of the nucleation and/or buffer layers is achieved by
other methods. These improved characteristics result in
improved device performance and higher yields.

For example, when the carbon doping is achieved by other
methods that were previously described, such as reducing the
reactor pressure and temperature during growth of the carbon
doped layers, the resultant I1I-N films grown on foreign sub-
strates (such as Silicon substrates) have been found to have
large macroscopic features on the surface. While these fea-
tures tend to have a fair amount of spatial separation between
them, devices formed directly on these features are either
inoperable or perform substantially worse than other devices
on the wafer.

A schematic diagram of'a macroscopic feature 500 formed
on the surface of a III-N material structure 520 grown under
conditions that result in a higher density of such features is
shown in FIGS. 5A and 5B. FIG. 5A is a cross-sectional view
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of'the feature 500, and FIG. 5B is a plan view (top view) of the
feature 500. As seen in the plan view of FIG. 5B, the feature
500 can have a hexagonal shape. The average diameter 502 of
the features is typically greater than 20 microns, and more
specifically in the range of about 20-500 microns, and the
average height 504 of the feature is typically greater than 100
nanometers, for example about 200-500 nanometers. For
comparison, in the regions of the wafer that do not include
these macroscopic features, the average deviation in surface
height is typically much less than 20 nanometers.

Referring again to FIG. 4, it has been found that when the
nucleation and/or buffer layers 404 and 406, respectively,
have a carbon doping density greater than 1x10'® cm™>, when
the carbon doping is achieved by adjusting the reactor condi-
tions, for example by lowering the surface temperature and
reactor pressure in order to incorporate higher concentrations
of carbon into the III-N layers, the surface of the III-N mate-
rial structure 420 has a density of macroscopic features 500
which is greater than 8 features/cm?. On the other hand, when
the carbon doping is achieved by injecting a hydrocarbon
precursor such as propane during growth of the layers 404
and/or 406, the density of macroscopic features 500 can be
made to be less than 5 features/cm?, and is typically less than
2 features/cm>.

A number of implementations have been described. Nev-
ertheless, it will be understood that various modifications
may be made without departing from the spirit and scope of
the techniques and devices described herein. For example, the
processes described herein for forming carbon doped III-N
layers can be used in the fabrication of other devices that
require insulating or semi-insulating layers, e.g., photovoltaic
cells, lasers, and LEDs. Accordingly, other implementations
are within the scope of the following claims.

What is claimed is:

1. A method of fabricating a semiconductor device, the
method comprising:

forming a III-N semiconductor layer on a substrate in a

reactor, the forming of the III-N semiconductor layer
comprising simultaneously injecting into the reactor a
first precursor, a second precursor different from the first
precursor, and a group-V precursor; wherein

the first precursor is a group-III precursor and the second

precursor is a hydrocarbon precursor;

the injecting of the hydrocarbon precursor causes the III-N

semiconductor layer to be carbon doped, thereby caus-
ing the III-N semiconductor layer to be insulating or
semi-insulating; and

causing the III-N semiconductor layer to be insulating or

semi-insulating comprises causing the III-N semicon-
ductor layer to have a resistivity of at least 1x10° ohm-
cm.

2. The method of claim 1, wherein the hydrocarbon pre-
cursor comprises molecules having a chemical formula
(C,H,), where x and y are integers greater than or equal to 1,
and the group-III precursor comprises a metalorganic precur-
sor.

3. The method of claim 1, wherein forming the I1I-N semi-
conductor layer on the substrate comprises forming the I1I-N
semiconductor layer as a III-N buffer layer over a I1I-N nucle-
ation layer over a silicon substrate.

4. The method of claim 3, further comprising forming a
III-N channel layer over the III-N buffer layer and forming a
III-N barrier layer over the I1I-N channel layer, thereby form-
ing a two-dimensional electron gas (2DEG) active channel
adjacent to an interface between the channel layer and the
barrier layer.
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5. The method of claim 4, wherein forming the III-N semi-
conductor layer as a III-N buffer layer comprises forming the
II1-N buffer layer under a plurality of growth conditions, and
wherein forming the III-N channel layer comprises forming
the III-N channel layer under the same or substantially the
same growth conditions.

6. The method of claim 5, wherein the plurality of growth
conditions comprises a surface temperature and a reactor
pressure.

7. The method of claim 6, wherein the plurality of growth
conditions further comprises aratio of the group-I1I precursor
flow rate to the group-V precursor flow rate.

8. The method of claim 4, wherein the barrier layer com-
prises AlGaN, the channel layer comprises undoped or unin-
tentionally doped (UID) GaN, and the buffer layer comprises
AlGaN or GaN or both.

9. The method of claim 1, wherein forming the III-N semi-
conductor layer on the substrate comprises forming the I1I-N
semiconductor layer by metal organic chemical vapor depo-
sition (MOCVD).

10. The method of claim 1, wherein the hydrocarbon pre-
cursor comprises propane.

11. The method of claim 1, wherein causing the III-N
semiconductor layer to be carbon doped results in the III-N
semiconductor layer having a carbon concentration greater
than 1x10'® cm?.

12. A method of fabricating a semiconductor device, the
method comprising:

forming a III-N semiconductor layer on a substrate in a

reactor, the forming of the semiconductor layer compris-
ing simultaneously injecting into the reactor a group-111
precursor, a group-V precursor, and a hydrocarbon pre-
cursor; wherein

the injecting of the hydrocarbon precursor causes the [1I-N

semiconductor layer to be carbon doped, thereby caus-
ing the III-N semiconductor layer to be insulating or
semi-insulating;

causing the III-N semiconductor layer to be insulating or

semi-insulating comprises causing the III-N semicon-
ductor layer to have a resistivity of at least 1x10° ohm-
cm; and

the injecting of the group-IIl precursor into the reactor

comprises injecting the group-I1I precursor at a group-
IIT precursor molar flow rate, and the injecting of the
hydrocarbon precursor into the reactor comprises inject-
ing the hydrocarbon precursor at a hydrocarbon precur-
sor molar flow rate, wherein the hydrocarbon precursor
molar flow rate is at least 0.02 times the group-III pre-
cursor molar flow rate.

13. A method of fabricating a semiconductor device, the
method comprising:

forming a III-N semiconductor layer on a substrate in a

reactor, the forming of the III-N semiconductor layer
comprising simultaneously injecting into the reactor a
group-III precursor, a group-V precursor, and a hydro-
carbon precursor; wherein

the injecting of the hydrocarbon precursor causes the semi-

conductor layer to be carbon doped, thereby causing the
IT1-N semiconductor layer to be insulating or semi-insu-
lating;

causing the III-N semiconductor layer to be insulating or

semi-insulating comprises causing the III-N semicon-
ductor layer to have a resistivity of at least 1x10° ohm-
cm; and

the injecting of the group-IIl precursor into the reactor

comprises injecting the group-I1I precursor at a group-
IIT precursor molar flow rate, and the injecting of the
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hydrocarbon precursor into the reactor comprises inject-
ing the hydrocarbon precursor at a hydrocarbon precur-
sor molar flow rate, wherein the hydrocarbon precursor
molar flow rate is greater than the group-III precursor
molar flow rate. 5
14. A method of forming a semiconductor material struc-

ture, the method comprising:

forming a first III-N semiconductor layer on a substrate in
a reactor;

while forming the first III-N semiconductor layer, simul-
taneously injecting a first precursor, a second precursor
different from the first precursor, and a group-V precur-
sor into the reactor, wherein the first precursor is a
group-I1I precursor and the second precursor is a hydro-
carbon precursor, and the injecting of the hydrocarbon 15
precursor into the reactor causes the I1I-N semiconduc-
tor layer to be carbon doped; and

forming a second III-N material layer on the first I1I-N
semiconductor layer; wherein

10
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the second III-N material layer has a substantially lower

carbon concentration than the first III-N material layer.

15. The method of claim 14, wherein the substrate is a
foreign substrate.

16. The method of claim 15, wherein a surface of the
second III-N material layer that is opposite the substrate has
a density of macroscopic features which is less than 5 fea-
tures/cm?, wherein each of the macroscopic features has an
average height of greater than 100 nanometers.

17. The method of claim 14, wherein the hydrocarbon
precursor is injected into the reactor while forming the first
II1-N material layer but is not injected into the reactor while
forming the second I1I-N material layer.

18. The method of claim 17, wherein the hydrocarbon
precursor comprises propane.

19. The method of claim 17, wherein the second III-N
material layer is thinner than the first [II-N material layer.
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